The cyclic nucleotide cGMP is an intracellular second messenger with important roles in neuronal functions and animals' behaviors. The phosphodiesterases (PDEs) are a family of enzymes that hydrolyze the second messengers cGMP and cAMP. Inhibition of phosphodiesterase 9 (PDE9), a main isoform of PDEs hydrolyzing cGMP, has been shown to improve learning and memory as well as cognitive function in rodents. However, the role of PDE9 in regulating neuronal structure and function in vivo remains unclear. Here we used in vivo two-photon microscopy to investigate the effect of a selective PDE9 inhibitor PF-04449613 on the activity and plasticity of dendritic spines of layer V pyramidal neurons in the mouse primary motor cortex. We found that administration of PF-04449613 increased calcium activity of dendrites and dendritic spines of layer V pyramidal neurons in mice under resting and running conditions. Chronic treatment of PF-04449613 over weeks increased dendritic spine formation and elimination under basal conditions. Furthermore, PF-04449613 treatment over 1-7 days increased the formation and survival of new spines as well as performance improvement after rotarod motor training. Taken together, our studies suggest that elevating the level of cGMP with the PDE9 inhibitor PF-04449613 increases synaptic calcium activity and learning-dependent synaptic plasticity, thereby contributing to performance improvement after learning.
INTRODUCTION
Phosphodiesterases (PDEs) are a superfamily of enzymes that hydrolyze the second messengers cGMP and cAMP. In mammals, there are 100 isoforms of PDEs, which are subcategorized into 11 families (PDE1-11) (Beavo, 1995; Wunder et al., 2005; Bender & Beavo, 2006; Liu et al., 2008) . PDEs have different substrate preferences: PDE4, PDE7, and PDE8 hydrolyze cAMP, whereas PDE5, PDE6, and PDE9 are cGMP-specific. PDE1, PDE2, PDE3, PDE10, and PDE11 can hydrolyze both cAMP and cGMP (Mehats et al., 2002) . Of all PDEs, PDE9 has the highest affinity for cGMP (Fisher et al., 1998) .
The cyclic nucleotide cGMP is one of the key intracellular second messengers in the N-methyl-Daspartate (NMDA) signaling transduction pathway that regulates synaptic plasticity (Son et al., 1998; Serulle et al., 2007) . In postsynaptic neurons, NMDA receptor activation increases calcium and activates calcium/calmodulin-dependent neuronal NO synthases, which lead to the generation of cGMP via NO-sensitive soluble guanylyl cyclase (East & Garthwaite, 1990; Garthwaite, 1991) . cGMPdependent protein kinase II (cGKII), which phosphorylates GluA1, is important for promoting longterm synaptic potentiation (LTP) (Lu et al., 1999; Serulle et al., 2007; Kim et al., 2015) . Consistently, inhibition of PDE9 has been shown to increase cGMP in the brain tissue and cerebrospinal fluid (CSF) (van der Staay et al., 2008; Hutson et al., 2011; Kleiman et al., 2012) and facilitate LTP in hippocampal culture (Hutson et al., 2011) and slices (Kroker et al., 2012; van der Staay et al., 2008; Kroker et al., 2014) .
Given the fact that the NMDA-NO-cGMP-PKG pathway is critically involved in learning and memory (Arancio et al., 1995; Bernabeu et al., 1997; Taqatqeh et al., 2009 ) and that patients with Alzheimer's disease (AD) and Huntington's disease (HD) and Schizophrenia show reduced levels of cGMP in their CSF (Gattaz et al., 1983; Bonkale et al., 1995; Beckmann & Gattaz, 2002; Saavedra et al., 2013; Hesse et al., 2017) , blocking the activity of PDEs to increase cGMP levels has been suggested to treat cognitive and memory deficits in various diseases (Domek-Lopacinska & Strosznajder, 2010; Duinen et al., 2015; Fusco & Giampa, 2015) . Indeed, several studies have shown that selective PDE9 inhibitors significantly improve cognitive and learning performance in rodents under various behavioral paradigms (social recognition (van der Staay et al., 2008) , passive avoidance (van der Staay et al., 2008) , T-maze (van der Staay et al., 2008) , and object place memory (Kroker et al., 2014) in mice for PDE9 inhibitor BAY 73-6691; Y-maze (Hutson et al., 2011) , social recognition (Hutson et al., 2011) in mice; and novel object recognition (Hutson et al., 2011) , reversed amphetamine-induced deficit in auditory gating (Kleiman et al., 2012) in rats for .
Despite the beneficial effects of PDE9 inhibitors on learning and behavioral improvements (van der Staay et al., 2008; Hutson et al., 2011; Kleiman et al., 2012; Kroker et al., 2014) , how PDE9 inhibitors affect the processes of learning and memory in vivo remains unclear. In this work, we used two-photon microscopy to examine the effect of inhibiting PDE9 on synaptic activity and plasticity in vivo with a potent and selective inhibitor PF-04449613 (6-[(1R)-1-(3-phenoxyazetidin-1-yl)ethyl]-1-(tetrahydro-2H-pyran-4-yl)-1,5-dihydro-4H-pyrazolo [3,4-d] pyrimidin-4-one) (Claffey et al., 2012; Kleiman et al., 2012; Lee et al., 2015) . We found that PF-04449613 treatment increased dendritic and spine calcium activity of layer V pyramidal neurons under resting and running conditions in the mouse primary motor cortex. Furthermore, treatment of PF-04449613 increased the degree of dendritic spine formation and survival, as well as performance improvement after motor training. These findings suggest that PDE9 inhibitors facilitate learning and memory by increasing synaptic plasticity and activity.
MATERIALS AND METHODS

Animals
Mice expressing YFP predominantly in cortical layer V pyramidal cells were purchased from the Jackson Laboratory (YFP-H line) and housed in the animal facility in the Peking University Shenzhen Graduate School (PKUSZ). Mice were maintained at 22 6 28C with a 12 h light/dark cycle (lights on at 8 a.m., lights off at 8 p.m.). Food and water were available ad libitum. Transgenic mice expressing GCaMP6 in layer V pyramidal neurons (GCaMP6S line1 mice) were generated in the Gan lab and housed in the Skirball Animal Facility at New York University School of Medicine. Four-to five-week-old male and female mice were used in this study. All experimental protocols were conducted in accordance with the institutional guidelines.
pyrimidin-4-one) was provided by Pfizer and also purchased from Sigma-Aldrich (CAS Number: 1236858-52-8). PF-04449613 is a selective and potent inhibitor of PDE9, which has been shown to significantly increase the cerebral cGMP level within 30 min from 1 to 32 mg/kg in a dose-dependent manner (Kleiman et al., 2012) . The drug was dissolved in vehicle 5/5/90 (5% DMSO/5% Cremophor/90% Injection Saline).
Surgical Preparations for Imaging Awake, Head-Restrained Mice
Ca 21 imaging was carried out in awake, head-restrained mice through a thinned-skull window according to previous Lai et al.
Developmental Neurobiology studies (Yang et al., 2013; Cichon & Gan, 2015) (Fig. 1A) . Surgical preparations were done 24 h before imaging. Briefly, mice were deeply anesthetized with ketamine (100 mg/g) and xylazine (10 mg/g). The mouse's head was shaved and followed by a scalp incision; and the skull surface was exposed, cleaned, and applied with a thin layer of cyanoacrylate-based glue. The imaging area (1 mm in diameter) in the forelimb motor cortex was identified based on stereotactic coordinates (1.3 mm anterior to bregma, 1.2 mm lateral from midline). A head holder composed of two parallel light metal bars was attached to the mouse's skull anterior and posterior to the motor cortex. The head holder helped restrain the animal's head and reduced motion-induced artefact during imaging. The bars were mounted to the skull outside the imaging region with dental acrylic cement, and the imaging area was covered by 1% agar or silicone elastomer (World Precision Instruments). After the surgery, the mice were returned to their own cages to recover before next-day imaging.
Two-Photon Ca 21 Imaging of Spines and Dendrites of L5 Neurons Expressing GCaMP6S
Transgenic mice expressing GCaMP6 in layer V pyramidal neurons (GCaMP6S line 1) were used for Ca 21 imaging of dendritic and dendritic spine activity. Twenty-four hours after surgical preparation, mice were head-restrained to a metal base and the skull of the imaged area was thinned using a high-speed drill under a dissecting microscope. The skull of interest was immersed in artificial cerebrospinal fluid (ACSF) during drilling and carefully polished with a microsurgical blade to 20 mm in thickness. Next, headretrained mice were placed on the top of a custom-built free-floating treadmill and habituated about 10 min. GCaMP6-positive spines and dendrites at the depth of 0-50 mm below the pial surface were imaged for detecting Ca 21 activities. Mice were recorded over 2 trials of resting and 2 trials of treadmill running before and about 30 min after subcutaneous administration of either drug or vehicle. Each trial lasted over 2 min. The treadmill was set at a slow speed about 1 m/min. Ca 21 images were acquired at 2 Hz using an Olympus two-photon microscope (FV1000MPE) equipped with a Ti:Sapphire laser (MaiTai DeepSee, Spectra Physics) tuned to 935 nm. All imaging were performed using a 253 objective (numerical aperture 1.1) immersed in ACSF solution with a 33 digital zoom.
Transcranial Two-Photon Imaging of Dendritic Spine Dynamics
Transcranial dendritic spine imaging was performed according to previous studies (Grutzendler et al., 2002; Yang et al., 2009 Yang et al., , 2010 Zuo et al., 2005) (Fig. 3A) . In brief, mice were anesthetized with pentobarbital sodium (100 mg/kg, intraperitoneally). The periosteum was exposed by a midline incision of the scalp and then removed with a microsurgical blade. The forelimb region of motor cortex to be imaged was identified based on stereotactic coordinates (1.3 mm anterior to bregma and 1.2 mm lateral from midline) and marked with a fine marker. The head was then immobilized, and a high-speed micro-drill and microsurgical blade were used to thin a circular area of the skull over the forelimb region to 20 mm in thickness. Image stacks of dendritic segments projecting to superficial cortical layers were obtained using an Olympus two-photon microscope (FV1000MPE) with the laser tuned to 920 nm and with a 603 objective immersed in ACSF solution. A 33 digital zoom was used to yield highmagnification images suitable for quantification of dendritic spines. For multiple imaging, the above procedure was repeated and the localization of the same region was facilitated by low-magnification image stacks at 13 digital zoom and with reference to vascular landmarks in light microscopic photographs of the thinned skull area.
Rotarod Training/Testing Procedure
The rotarod training/testing procedure was performed as described before (Yang et al., 2009) . A Rotarod system with six individual chambers (Taimeng Technology Corporation of Chengdu, China) was used in this study. Animals were placed on the motorized rod (30 mm in diameter) in the chamber. The rotation speed gradually increased from 0 to 100 rpm over the course of 180 s. The time latency and rotation speed were recorded when the animal was unable to keep up with the increasing speed and fell. Each rotarod training session consisted of 20 trails and lasted <30 min.
Examine the Effects of PF-04449613 on Dendritic Spine Plasticity and Motor Learning
To test the effect of PF-04449613 on dendritic spine turnover under basal conditions, mice were anesthetized and image stacks of dendritic segments were obtained at about 5:00 p.m. (day 0). PF-04449613 (3.2 and 10 mg/kg) or control vehicle (5/5/90: 5% DMSO/5% Cremophor/90% Injection Saline) were administered subcutaneously at a volume of 10 ml/kg at 6:00 p.m.; On the next day (day 1), PF-04449613 or vehicle were administered twice (9:00 a.m. and 6:00 p.m.), and image stacks were obtained at about 5:00 p.m.; PF-04449613 or vehicle were administered twice a day for an additional 6 or 27 days; and image stacks were obtained only on day 7 or 28.
To test the effect of PF-04449613 on motor learninginduced dendritic spine plasticity, mice were anesthetized and image stacks of dendritic segments were acquired in the morning on day 0. Mice were then trained on an accelerated rotarod for 20 trials at 6:00 p.m. PF-04449613 (10 mg/kg) or control vehicle were administered immediately after the training. On the following days, PF-04449613 or vehicle were administered twice a day (9:00 a.m. and 6:00 p.m.) until the end of experiment. On days 1 Figure 1 Subcutaneous administration of PF-04449613 increased spine calcium activity in motor cortex. (A) Experimental paradigm for spine and dendritic calcium imaging under resting and running conditions. (B) Images and fluorescent traces of representative spines of layer V pyramidal neurons expressing GCaMP6S during 1 min resting and 1 min running period for vehicle and PF-04449613 treated group. Dotted circles in the representative images indicate various spines, and their GCaMP6S fluorescence traces are shown on the right. Upper panels indicate before vehicle/ drug; lower panels indicate after vehicle/drug. (C-J) Changes of calcium transients were quantified as changes of average amplitude, frequency, duration, and integrated activity. Data of before and after either vehicle or PF-04449613 application were compared during resting (C-F) and running period (G-J). Data are presented as mean value 6 S.E.M. n.s. P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, unpaired nonparametric test. Scale bar, 10 mm. [Color figure can be viewed at wileyonlinelibrary.com] and 7, image stacks were obtained after rotarod training/ testing in the afternoon.
Analysis of Ca 21 Imaging Data
Ca 21 transients of spines and dendrites during resting and running periods, as indicated by changes of GCaMP6 fluorescence (F), were analyzed post hoc using Image J software (NIH). Visually identifiable spines and dendrites were selected as regions of interests (ROI) for quantification. A background value of vessels was first subtracted from GCaMP6 fluorescence values. All Ca 21 transients were calculated as DF/F 0 , where DF/F 0 was (F 2 F 0 )/F 0 , and F 0 was defined as the average of 10% minimum F fluorescence intensity over 1 min as described previously (Bai et al., 2017; Zhao et al., 2017) . Because the frequencies of calcium transients in dendrites and spines were low (few times per minute), >10% of fluorescence traces did not contain calcium transients from active spines or calcium spikes from active dendrites. Each dendritic Ca 21 transient was defined as an event when changes of DF/F 0 in dendritic shaft (average length >30 mm) were above 50% for GCaMP6S. As described previously (Chen et al., 2013; Cichon & Gan, 2015) 
Analysis of Dendritic Spine Formation and Elimination
The procedure for quantifying spine dynamics has been described in the earlier studies Yang et al., 2009) . In brief, image stacks were analyzed post hoc using NIH ImageJ software. For each dendritic segment analyzed, filopodia were identified as long, thin protrusions with the ratio of head diameter to neck diameter <1.2:1 and ratio of length to neck diameter >3:1. The remaining protrusions were classified as spines. Spines or filopodia were considered the same between views if their positions remained the same distance from relative adjacent landmarks. Spines were considered different if they were more than 0.7 mm away from their expected positions based on the first view.
Statistics
All data were presented as mean value 6 standard error of the mean (S.E.M.). We used one-sample KolmogorovSmirnov test to determine the normality of data distribution. Mann-Whitney nonparametric tests were used to test for differences between groups whose distributions did not pass the tests for normality, and Student's test was used between groups with normal distributions. MannWhitney nonparametric tests (two-tailed) were used to test the differences between PF-04449613 groups and vehicle groups in Ca 21 imaging results (Figs. 1 and 2 ). Significant differences of spine dynamics (percentage of added and eliminated spines) between groups were determined by the Student's t test (groups treated with only 10 mg/kg PF-04449613 and vehicle, Fig. 4 ) or Dunnett's test for multiple comparisons after one-way ANOVA (groups treated with 3.2 mg/kg and 10 mg/kg PF-04449613 and vehicle, Fig. 3 ). In the behavioral test, motor skill performance was quantified by the average running speed that mice mastered on rotarod (the speed that the animal was unable to keep up with the increasing speed and fell). Significant differences between behavioral tests were determined by the Student's t test (Fig. 4) . Significant levels were set at P 0.05. All statistical analyses were performed using IBM SPSS statistics or GraphPad Prism software.
RESULTS
Acute Subcutaneous Administration of PF-04449613 Increases Dendritic and Dendritic Spine Calcium Activity of Layer V Pyramidal Neurons
Previous studies have shown that PDE9 inhibitors facilitate long-term synaptic potentiation in hippocampal slices (van der Staay et al., 2008; Hutson et al., 2011; Kroker et al., 2012) . To examine how PF-04449613 affects synaptic activity in vivo, we performed Ca 21 imaging of apical tuft dendrites of layer V pyramidal neurons in the primary motor cortex before and 30 minutes after subcutaneous administration of either PF-04449613 or vehicle (Fig.  1A,B) . In mice under quiet resting conditions, we found no significant difference in the amplitude, duration, and integrated activity of spine Ca 21 transients before and 30 min after vehicle treatment ( Fig.  1C-F ; amplitude: 2.28 6 0.14 vs 2.20 6 0.17, P 5 0.267; duration: 1.78 6 0.21 vs 1.64 6 0.10, P 5 0.443; integrated activity: 9.26 6 1.20 vs 6.67 6 0.60, P 5 0.284; n 5 68 and 72 spines before and after vehicle administration, respectively). There was a slight but significant decrease in the frequency of spine Ca 21 transients 30 min after vehicle administration (1.66 6 0.08 vs 1.54 6 0.12, P 5 0.035). In contrast, the frequency, duration, and integrated activity-but not amplitude-of spine Ca 21 transients showed significant increases 30 min after administration of PF-04449613 at 10 mg/kg ( Fig. 1C-F Changes of dendritic calcium transients were quantified as changes of average amplitude, frequency, duration, and integrated activity. The average amplitude, frequency, duration, and integrated activity of dendritic calcium transients were compared before and after either vehicle or PF-04449613 administration under resting state (B-E) and running state (F-I). Data are presented as mean value 6 S.E.M. n.s. P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, unpaired nonparametric test. Scale bar, 10 mm. [Color figure can be viewed at wileyonlinelibrary.com] P 5 0.085; frequency: 1.35 6 0.07 vs 1.93 6 0.13, P < 0.001; duration: 1.75 6 0.16 vs 2.32 6 0.20, P 5 0.011; integrated activity: 9.68 6 1.84 vs 17.22 6 2.05, P < 0.001; n 5 84 and 81 spines before and after drug application, respectively). In mice under treadmill running conditions, we observed a general reduction in the activity of spine Ca 21 transients 30 min after vehicle administration ( Fig. 1G-J ; amplitude: 3.08 6 0.19 vs 2.73 6 0.20, P 5 0.096; frequency: 1.90 6 0.11 vs 1.63 6 0.10, P 5 0.033; duration: 2.70 6 0.24 vs 1.54 6 0.13, P < 0.001; integrated activity: 19.85 6 2.45 vs 11.18 6 1.92, P < 0.001; n 5 79 spines before and after vehicle administration). The reduction in various parameters of spine Ca 21 transients was likely due to the fact that mice were running during the period of 30 min after vehicle administration. In contrast, 30 min after subcutaneous administration of PF-04449613 at 10 mg/kg, there were significant increases in the amplitude, duration and integrated activity of Ca 21 transients ( Fig. 1G-J ; amplitude: 2.97 6 0.22 vs 3.75 6 0.28, P 5 0.009; frequency: Arrows and arrowheads indicate newly formed spines and eliminated spines, respectively. An asterisk marks a filopodium. (C) PF-04449613 did not affect spine dynamics over 1 day (n 5 5, 6, 7 mice for control, 3.2 m/kg, and 10 mg/kg, respectively). (D) 7-day treatment of 10 mg/kg PF-04449613 increased spine elimination rate but did not change spine formation rate (n 5 5, 6, and 6 mice for control, 3.2 mg/kg, and 10 mg/kg, respectively). (E) 28-day treatment of 10 mg/kg PF-04449613 increased the rates of both spine elimination and formation (n 5 6, 5, and 5 mice for control, 3.2 mg/kg, and 10 mg/kg, respectively). Data are presented as mean value 6 S.E.M. n.s. P > 0.05, *P < 0.05, **P < 0.01 versus vehicle group according to ANOVA followed by the Dunnett's test. Scale bar, 2 mm. [Color figure can be viewed at wileyonlinelibrary.com] Figure 4 PF-04449613 administration increased spine turnover and performance improvement after motor learning. (A) Repeated imaging of dendritic spines of layer V pyramidal neurons expressing YFP in vehicle and 10 mg/kg PF-04449613 injected mice after rotarod training. Arrows and arrowheads indicate newly formed spines and eliminated spines after training, respectively. An asterisk marks a filopodium. 1-day (B) and 7-day (C) treatment of 10 mg/kg PF-04449613 increased the rates of both spine elimination and formation after rotarod training (n 5 6 pairs of mice for vehicle and 10 mg/kg PF-04449613). (D) Effect of PF-04449613 administration on the survival rate of new spine formed on day 1 and persisted on day 7 after rotarod training (n 5 6 pairs of mice for control and 10mg/kg PF-04449613). (E) 1-day and 7-day treatment of 10 mg/kg PF-04449613 improved rotarod skill performance (n 5 10 and 11 mice for control and 10 mg/kg PF-04449613, respectively). Data are presented as mean value 6 S.E.M. *P < 0.05, **P < 0.01 versus vehicle group according to Student's test. Scale bar, 2 mm. [Color figure can be viewed at wileyonlinelibrary.com] 2.18 6 0.16 vs 3.01 6 0.28, P 5 0.073; duration: 1.76 6 0.14 vs 2.63 6 0.24, P 5 0.001; integrated activity: 15.77 6 2.15 vs 40.16 6 6.23, P < 0.001; n 5 88 spines before and after drug application). Taken together, these results indicate that subcutaneous administration of PF-04449613 at 10 mg/kg leads to a significant increase in spine Ca 21 activities under both quiet resting and treadmill running conditions.
In addition to spine Ca 21 activity, we found that PF-04449613 at 10 mg/kg also increased the duration and integrated activity, but not the amplitude and frequency, of Ca 21 transients across long segments of apical dendrites of layer V pyramidal neurons under quiet resting conditions ( Fig. 2A-E ; duration: 1.41 6 0.07 vs 2.14 6 0.20, P < 0.001; integrated activity: 6.67 6 0.60 vs 10.24 6 1.15, P 5 0.017; amplitude: 2.27 6 1.15 vs 2.21 6 0.19, P > 0.05; frequency: 1.98 6 0.17 vs 2.07 6 0.20, P > 0.05; n 5 38 and 35 dendrites before and after drug administration, respectively). Furthermore, under treadmill running conditions, the frequency, duration, and integrated activity-but not amplitude-of dendritic Ca 21 transients were increased 30 min after PF-04449613 administration ( Fig. 2F-I ; frequency: 3.15 6 0.36 vs 4.66 6 0.52, P 5 0.014; duration: 2.31 6 0.15 vs 2.68 6 0.52, P < 0.05; integrated activity: 22.21 6 3.80 vs 35.26 6 4.87, P < 0.001; amplitude: 2.89 6 0.16 vs 3.05 6 0.19, P > 0.05; n 5 64 dendrites for both conditions). Taken together, these findings show that the PDE9 inhibitor PF-04449613 increases calcium activities of dendrites and dendritic spines under both resting and running conditions.
Chronic PF-04449613 Treatment Increases Dendritic Spine Remodeling
To determine whether the PDE9 inhibitor, PF-04449613, affects not only calcium activity of dendritic spines but also their structural dynamics, we examined spine formation and elimination in the primary motor cortex over various time intervals (1-, 7-, and 28-day) with or without subcutaneous administration of PF-04449613 at a dosage of either 3.2 or 10 mg/kg (Fig. 3A) . Dendritic spines on apical dendrites of layer V pyramidal neurons in 1-month-old mice were imaged with transcranial two-photon microscopy as described previously (Grutzendler et al., 2002; Yang et al., 2010) . PF-04449613 or vehicle was administered twice a day over 1, 7, or 28 days. The same dendritic branches were repeatedly imaged after the drug treatment (Fig. 3B) . We found that 1-day treatment of PF-04449613 at either low or high dosage did not affect spine elimination (7.8% 6 0.4%, 9.4 6 1.1%, and 8.3% 6 1.0% for vehicle, 3.2 and 10 mg/kg PF-04449613, respectively. F(2,15) 5 0.962, P 5 0.404) nor spine formation (6.1% 6 1.1%, 5.0% 6 0.4% and 6.2% 6 0.8% for vehicle, 3.2 and 10 mg/kg PF-04449613, respectively. F(2,15) 5 1.176, P 5 0.336) (Fig. 3C) . Over 7 days, only high-dose PF-04449613 treatment (10 mg/ kg) increased spine elimination (15.7% 6 1.4%, 16.5% 6 0.7%, and 18.4% 6 0.8% for vehicle, 3.2mg/kg, and 10 mg/kg PF-04449613, respectively. F(2,14) 5 4.906, P < 0.05), but had no significant effect on spine formation (10.1% 6 1.4%, 11.0% 6 0.4%, and 11.2% 6 1.7% for vehicle, 3.2 mg/kg, and 10 mg/kg PF-04449613, respectively. F(2,14) 5 0.248, P 5 0.784) (Fig. 3D) . PF-04449613 treatment over 28 days enhanced both spine elimination (22.0% 6 1.2%, 22.8% 6 0.9%, and 28.1% 6 0.9% for vehicle, 3.2mg/kg, and 10 mg/kg PF-04449613, respectively. F(2,13) 5 12.463, P < 0.01) and formation (11.2% 6 0.8%, 14.3% 6 1.6%, and 15.9% 6 2.0% for vehicle, 3.2 mg/kg, and 10 mg/kg PF-04449613, respectively. F(2,13) 5 3.478, P < 0.05) (Fig. 3E) . Further Dunnett's test showed that spine dynamics over 28 days were affected following the treatment of PF-04449613 at 10 mg/kg (P < 0.01 for spine elimination and P < 0.05 for spine formation), but not 3.2 mg/kg (P 5 0.780 for spine elimination and P 5 0.200 for spine formation). Together, these results indicate that chronic inhibition of PDE9 with PF-04449613 at a dosage of 10 mg/kg increases dendritic spine formation and elimination in the mouse primary motor cortex.
PF-04449613 Increases Motor LearningInduced Spine Formation and Elimination
It has been shown that rotarod training leads to a significant increase in spine formation and elimination (Yang et al., 2009) . To determine whether PF-04449613 has an effect on spine plasticity induced by rotarod training, we tracked dendritic spines in the forelimb region of the motor cortex before and one day after training (Fig. 4A) . PF-04449613 at 10 mg/ kg or control vehicle was administered twice over 1 day. We found that administration of PF-04449613 significantly increased spine formation (8.4% 6 0.4% and 14.3% 6 1.2% for vehicle and 10 mg/kg PF-04449613, respectively; P < 0.01) and elimination (7.1% 6 0.5% and 8.9% 6 0.5% for vehicle and 10 mg/kg PF-04449613, respectively; P < 0.05) over 1 day compared to the control group (Fig. 4B) . The rates of spine formation (11.0% 6 1.5% and 15.2% 6 1.5% for vehicle and 10 mg/kg PF-04449613, respectively) and elimination (16.5% 6 1.5% and 19.7% 6 0.9% for vehicle and 10 mg/kg PF-04449613, respectively) over 7 days were also significantly higher after 7-day treatment with PF-04449613 as compared to the vehicle treatment (P < 0.05) (Fig. 4C) . Furthermore, the percentage of new spine formed during the first day and persisted at day 7 was significantly higher after PF-04449613 treatment as compared to the vehicle-treated control group (1.0% 6 0.2% and 4.1% 6 0.9% for vehicle and 10 mg/kg PF-04449613, respectively. P < 0.01) (Fig. 4D) . Together, these results indicate that inhibition of PDE9 activity with PF-04449613 increases motor learning-induced spine formation and elimination.
PF-04449613 Improves Motor Skill Learning
Our findings above show that PF-04449613 increases rotarod training-induced persistent new spines. Previous studies have shown that the extent of persistent new spines induced after motor training correlates with performance improvement (Xu et al., 2009; Yang et al., 2009; Liston et al., 2013; HayashiTakagi et al., 2015) . Therefore, PF-04449613 may enhance performance improvement after rotarod training. To test this possibility, we trained mice on an accelerated rotarod task with administration of vehicle or PF-04449613 at 10 mg/kg over 1-7 days. We found that the inhibitor effectively led to an improvement in motor skill performance as quantified by the average running speed that mice mastered on rotarod after 1 day treatment (35.41 6 1.78 and 41.85 6 1.79 for vehicle and 10 mg/kg PF-04449613, respectively. P < 0.05) (Fig. 4E) . Moreover, motor skill performance continued to be better after treatment with PF-04449613 for 7 days (33.66 6 1.73 and 39.85 6 2.19 for vehicle and 10 mg/kg PF-04449613, respectively. P < 0.05) (Fig. 4E) . Consistent with previous studies on beneficial effects of PDE9 inhibitors, these findings indicate that PF-04449613 enhances performance improvement after motor learning.
DISCUSSION
In the present work, we investigated the effect of a selective PDE9 inhibitor PF-04449613 on dendritic spine activity and plasticity of layer 5 pyramidal neurons in the living mouse motor cortex as well as behavioral improvement after motor learning. We found that PF-04449613 at the dose of 10 mg/kg increased the activity of spines and dendrites under both resting and running states. Remodeling of dendritic spines of layer V pyramidal neurons was also elevated under basal (no motor training) condition after 7 or 28 days treatment of PF-04449613. Importantly, PF-04449613 treatment over 1-7 days significantly increased rotarod training-induced new spines and performance improvement. Taken together, these findings suggest that the PDE9 inhibitor PF-04449613 facilitates learning and memory by promoting learning-related synaptic activity and plasticity.
PDE9 is widely distributed in brain regions including neocortex, hippocampus, basal forebrain, basal ganglia, thalamus, pons, olfactory bulb, and cerebellum (Andreeva et al., 2001; Van Staveren et al., 2003; Reyes-Irisarri et al., 2007) . It is predominantly expressed in neurons (van Staveren et al., 2002 (van Staveren et al., , 2003 Kleiman et al., 2012) . In vitro studies indicate that PDE9 inhibitors promote synaptic transmission (van der Staay et al., 2008) , increase synapse formation (indicated by synapsin 1 expression) and phosphorylated GluR1 (Hutson et al., 2011) , as well as facilitate long-term potentiation (LTP) in hippocampal neurons (van der Staay et al., 2008; Hutson et al., 2011; Kroker et al., 2012 Kroker et al., , 2014 . In addition to PDE9 inhibitors, other PDE inhibitors also affect LTPrelated plasticity (Puzzo et al., 2008; Reneerkens et al., 2009; Heckman et al., 2015) . Specific inhibitors of PDE1 (Snyder et al., 2016) , PDE2 (Boess et al., 2004; Wang et al., 2017) , PDE3 (Hiramatsu et al., 2010) , PDE4 (Bruno et al., 2011; Ricciarelli et al., 2017) , PDE5 (Prickaerts et al., 1997; Prickaerts et al., 2002b) , PDE7 (Perez-Gonzalez et al., 2013) , and PDE9 (van der Staay et al., 2008; Hutson et al., 2011) have been shown to enhance memory performance in rodent. For example, the selective PDE2 inhibitor BAY 60-7550 improves memory acquisition and consolidation in the object recognition task (Boess et al., 2004; Rutten et al., 2007; Domek-Lopacinska & Strosznajder, 2008) , and reverses the deficit in object recognition produced by acute tryptophan depletion (van Donkelaar et al., 2008) . PDE4 inhibitors rolipram, L-454, 560, and PDE5 inhibitors sildenafil, vardenafil, tadalafil, and zaprinast have also been shown to improve cognitive functions in various animal models (Reneerkens et al., 2009; Schmidt, 2010) . PDE9 inhibitors BAY 73-6691 and PF-04447943 also improve learning and memory and enhance cognitive function in rodents (van der Staay et al., 2008; Hutson et al., 2011; Kroker et al., 2014) . Consistent with the beneficial effects of various PDE inhibitors, we have found that PF-04449613 improves performance improvement after rotarod training. By determining spine formation and elimination after motor training, our results further suggest that PDE9 inhibitors facilitate motor behavioral improvement by promoting learning-induced synaptic plasticity.
PDE9 is highly specific for cGMP hydrolysis and shows the highest affinity for cGMP of all PDEs (K m 5 0.07-0.17 lM) (Fisher et al., 1998; Wunder et al., 2005) . The intracellular level of cGMP is regulated by the balance between synthesis by guanylyl cyclase and breakdown by PDEs (Francis & Corbin, 1999; Diederen et al., 2007) . Previous studies have shown that PF-04449613 is a selective and potent inhibitor of PDE9 (Claffey et al., 2012; Kleiman et al., 2012; Lee et al., 2015) . Subcutaneous administration of PF-04449613 from 1 to 32 mg/kg significantly increases the cerebral cGMP level in a dosedependent manner (Kleiman et al., 2012) . The level of cGMP peaks around 30-60 min after subcutaneous administration and gradually returns to baseline level a few hours later (Kleiman et al., 2012) . In our study of spine plasticity, PF-04449613 was administered twice a day. Therefore, we expect that the elevation of cGMP levels due to PF-04449613 administration would be maintained most of the time in the brain to modulate synaptic plasticity. Furthermore, we found that only high dosage and long-term PF-04449613 application significantly affect synaptic structural plasticity, indicating chronic PF-04449613-related synaptic changes may need persistent elevation of cGMP.
How the elevation of cGMP after PDE9 inhibitor administration affects synaptic plasticity remains to be determined. It has been shown that cGMP activates cGMP-dependent protein kinases (PKGs/ cGKs), which phosphorylates synaptic proteins that modulate the synthesis and/or release of neurotransmitters (Schmidt et al., 1993; Arancio et al., 2001; Taqatqeh et al., 2009) . Therefore, the increases in dendritic spine calcium and spine remodeling could be due to an increase in presynaptic glutamate release. Furthermore, higher synaptic and dendritic calcium activity after PDE9 inhibitor application could be due to cGKII-regulated calcium release from IP 3 Rs in postsynaptic neurons, which has been shown to play an important role in the induction of LTP, a synaptic model of learning and memory (Kim et al., 2015) . It is thus possible that PF-04449613 causes an elevation of cellular cGMP and calcium activity in both pre-and postsynaptic sites, leading to enhanced synaptic plasticity and improved learning and memory through the NO/cGMP/PKG pathway. Consistently, the inhibition of cGMP synthesis impairs the performance in several learning and memory behavioral tasks (Yamada et al., 1996; Bernabeu et al., 1997; Kendrick et al., 1997; Izquierdo et al., 2000; Edwards et al., 2002) , whereas administration of cGMP analog 8-bromo-cGMP improves learning and memory (Bernabeu et al., 1996; Prickaerts et al., 2002a) .
While PDE inhibitors in preclinical animal studies have shown promising cognitive and memory improvement, the clinical phase data of PDE inhibitors show little or no cognitive performance improvement in AD patients as compared with the placebo group Schwam et al., 2014) . The gap between the animal studies and the clinical studies remains to be investigated. Recent studies in an AD mouse model have shown that abnormal and prolonged dendritic calcium spikes occur on a subset of dendrites and cause depotentiation of synaptic strength (Bai et al., 2017) . Because the PDE9 inhibitor PF-04449613 increases Ca 21 activities of dendrites and dendritic spines, PDE9 inhibition may be beneficial for wild type control mice, but not for AD mice. Short-term PDE inhibition or an optimal dose range of PDE9 inhibitors over long-term intake might be necessary for achieving beneficial cognitive and learning performance in AD patients. Further studies with relevant animal models of various diseases are needed to assess whether long-term decrease or increase of PDE9 activities could serve as a therapeutic target for treatment of age-related memory deficits.
